DIVERSE PHYSICAL FORCES including peristalsis (20) , villus motility (55) , and interaction of the mucosa with luminal contents (43) all repetitively deform the gut mucosa in complex ways. We recently demonstrated that repetitive deformation promotes Caco-2 and IEC-6 intestinal epithelial cell wound closure on tissue fibronectin but not on a collagen I extracellular matrix and intestinal epithelial proliferation on collagen but not fibronectin (58) . Thus, repetitive deformation may be trophic for the intestinal mucosa, supporting mucosal proliferation on a collagen-rich basement membrane but promoting migration when inflammatory states and mucosal injury increase tissue fibronectin (16, 22, 47) .
ERK activation appears central to the effects of deformation on intestinal epithelial cells. Intestinal epithelial ERK is activated by deformation on both collagen (13) and fibronectin (58) substrates. Furthermore, blockade of ERK blocks both intestinal epithelial proliferation on collagen (13) and intestinal epithelial restitution on fibronectin (58) . Many stimuli signal via ERK, including growth factors (29) , mechanical forces (12, 13, 39) , oxidative stress (31) , and integrin-mediated signaling (38) . In various cells, such stimuli may mediate their effects on ERK by different intervening signal mediators, including Src (1, 12, 13, 48) , FAK (12, 13, 52) , and PKC (23) . The upstream events that activate intestinal epithelial ERK on fibronectin in response to repetitive strain are unknown. We therefore sought to identify the upstream mediators responsible for ERK activation and migration in Caco-2 intestinal epithelial cells.
We focused on the potential role of focal adhesion signaling via Src and FAK. We used the Flexercell apparatus (Flexcell, McKeesport, PA) to rhythmically deform Caco-2 cell monolayers cultured on tissue fibronectin-coated flexible-bottomed wells at an average 10% repetitive deformation at 10 cycles/ min (5) , similar in magnitude and frequency to the irregular repetitive mucosal deformation caused by peristalsis or villous motility in vivo (55) . We characterized Caco-2 Src and FAK phosphorylation in response to repetitive deformation and used pharmacological antagonists, short interfering (si)RNA, and dominant negative FAK constructs to trace a mechanotransduced pathway that links these signals into a novel motogenic cascade.
Signaling Solutions (Charlottesville, VA). 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine (PP2) and 2Ј-amino-3Ј-methoxyflavone (PD-98059) from EMD Biosciences (San Diego, CA) and monoclonal anti-c-Myc (9E10) from Covance (Berkeley, CA). Amersham Biosciences (Piscataway, NJ) provided protein G-Sepharose, and Clontech (Mountain View, CA) provided the pCMV-HAtagged vector. Dr 925 to Phe 925 ; and Dr. C Marshall (Institute of Cancer Research, London, UK) provided the wild-type Myc-ERK2 expression vector. Dharmacon (Lafayette, CO) provided double-stranded siRNAs targeting human forms of FAK and control nontargeting siRNA 1 (NT1 siRNA). We selected the sequences targeted by siRNA using Dharmacon Smartdesign as follows: human FAK1, NNGCAUGUGGCCUGCUAUGGA; human Src1, NNCU-CGGCUCAUUGAAGA-CAA; and human Src2, NNUGGCCUAC-UACUCCAAACA. We used two different sequences targeted to Src for our initial experiments of the effects of siRNA on Src protein. Because these two sequences yielded similar results, we performed subsequent experiments of the effects of Src reduction on strainassociated motogenicity and signaling using a siRNA pool combining the two Src-targeted sequences.
Cell culture. We studied Caco-2 BBE intestinal epithelial cells, a subclone of the original Caco-2 cell line selected for its ability to differentiate in culture as indicated by the formation of an apical brush border and the expression of brush-border enzymes. We maintained the cells at 37°C with 8% CO2 in DMEM with 4,500 mg/l D-glucose, 4 mM glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 g/ml streptomycin, 10 g/ml transferrin, 10 mM HEPES (pH 7.4), and 3.7 g/l NaHCO3 supplemented with 10% heat-inactivated FBS.
Application of mechanical strain. We plated Caco-2 cells on elastomer membranes coated with tissue fibronectin (Flexcell) and exposed them to a continuous cycles of strain/relaxation generated by a cyclic vacuum produced by a computer-driven system (Flexcell 3000, Flexcell) as previously described (13) . A 20-kPa vacuum at 10 cycles/min deforms the membranes from below to an average 10% strain with a stretch-to-relaxation ratio of 1:1 (3.0-s deformation alternating with 3.0 s in neutral conformation). The strain is transmitted to adherent cells cultured on the upper surface of the membrane, which experience similar elongation (6, 8) . The six-well plates were incubated at 37°C with 5% CO2 during the repetitive strain, and similar control plates were in the same incubator without strain.
Matrix precoating and medium treatments. We precoated six-well amino-coated Flexwell I plates with 12.5 g/ml of tissue fibronectin (Sigma Chemical) at saturating concentrations as previously described (58) . Cells were seeded at 300,000 cells/well and grown to confluence. We dissolved PD-98059 (a specific inhibitor of the activation of ERK kinase), PP2 (a potent and selective inhibitor of Src family tyrosine kinases), and calphostin C (a PKC inhibitor) in DMSO, aliquoted and stored the inhibitors at Ϫ20°C, and diluted them immediately before use in culture medium. We pretreated Caco-2 cells with PD-98059 (20 M), PP2 (10 M), light-activated calphostin C (100 nM), or equivalent amounts of DMSO (vehicle control) for 45 min before exposing the cells to cyclic strain to assess wound closure with inhibited signaling.
Migration experiments. We assessed cell migration using a previously described wound healing model (58) . Briefly, Caco-2 monolayers on deformable membranes precoated with tissue fibronectin were subjected to 10% deformation at 10 cycles/min for 0 -24 h after the induction of a small uniform circular wound. As previously described by other investigators (42, 46) , we created wounds in confluent cell monolayers using a 1.0-ml pipette tip (1.5 mm diameter) attached to a vacuum source. We applied the tip gently to the monolayer and applied suction for ϳ1 s. We photographed each hole at 0 and 24 h after the initiation of strain using a SPOT ADVANCED digital camera (Windows version 3.0.6) attached to a Nikon Eclipse TE 300 microscope (Japan), and calculated wound areas using Kodak 1D software (version 3.6) on a Kodak Image Station (Perkin-Elmer, Boston, MA). To account for variability in the size of the initial holes, we expressed the remaining wound area in each wound at 24 h as a ratio to the initial size of each individual wound. Migration was then expressed as the percentage of wound closure in each wound and calculated as follows: 100 ϫ (Initial wound Ϫ Final wound)/Initial wound. Similar procedures were used to calculate migration in control monolayers wounded simultaneously but not subjected to repetitive strain.
Western blot analysis. We cultured cells as previously described (13) to confluence and changed to serum-free media for 24 h. After treatment, we lysed the cells on ice in modified radioimmunoprecipitation buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1% deoxycholic acid, 0.1% SDS, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 1 mM Na 3VO4, 50 mM NaF, 10 mM sodium pyrophosphate, 2 g/ml aprotinin, and 2 g/ml leupeptin]. We centrifuged lysates at 15,000 g for 10 min at 4°C and stored supernatants at Ϫ80°C. We assayed protein concentrations by bicinchoninic acid analysis (BCA assay, Pierce Chemical, Rockford, IL) and loaded 20 g protein/well on a SDS-polyacrylamide gel. After electrophoresis, proteins were transferred to nitrocellulose membranes (Hybond-ECL, Amersham Biosciences). Nonspecific binding sites were blocked with 5% BSA in Tris-buffered saline with 1 ml Tween 20 per liter for 1 h at room temperature. Immunoblots were probed with the appropriate primary and secondary antibodies as indicated above and detected by the ECL method (Amersham Biosciences) with Kodak Image Station 440CF Phosphoimager (Kodak Scientific Imaging Systems).
Transfection with siRNA. Caco-2 cells were plated at 40 -50% confluence on Flex I six-well plates precoated with tissue fibronectin 1 day prior to transfection. We combined siRNAs with Plus reagent in Opti-MEM as described previously for plasmid DNA transfection (54) . We used Oligofectamine in Opti-MEM for transfection at 10 g/ml according to the manufacturer's protocol. The final siRNA concentration was 100 nM unless otherwise indicated. After 6 -8 h of transfection, we added 0.5 volumes of DMEM with 20% serum to the cells and continued transfection for 48 h. We serum starved the cells overnight prior to experiments and verified the potency of the siRNA transfection in each experiment by parallel transfections in which we lysed the cells at the end of the study and immunoblotted for the target protein. Parallel experiments using fluorescent-tagged siRNA have demonstrated that ϳ90% of the cells are transfected with siRNA under these circumstances (not shown).
FAK-ERK cotransfection experiments.
To compare the effect of transfection with HA-tagged pCMV empty vector or HA-tagged FAK point mutants with changed codons for phosphoacceptor tyrosine to phenylalanine (Y397F, Y576F-Y577F, Y397F-Y576F-Y577F, and Y925F) on ERK2 activity, we cotransfected 70 -80% confluent cells with 4.8 g of HA-tagged pCMV vector or HA-tagged FAK mutants Y397F, Y576F-Y577F, Y397F-Y576F-Y577F, and Y925F DNA and 1.2 g DNA of Myc-tagged ERK2 expression vector before experiments (13) . Thus, cells in each well received a total of 1.0 g of DNA with vector or FAK and ERK constructs at a 4:1 ratio. We mixed the DNA with 60 l of Plus reagent in 1 ml of Opti-MEM for 15 min and added Lipofectamine (30.0 l in 1 ml of Opti-MEM). We incubated this mixture at room temperature for 20 min, diluted it with 6.0 ml of Opti-MEM, and added 1.0 ml/well to cells for 6 h, after first rinsing the cells twice with Opti-MEM. After transfection, we incubated the cells in normal medium for 20 -24 h and then with serum-free medium for 18 -24 h before initiating cyclic strain; 20 -25% of cells were transfected using this procedure (14) .
Myc tag monoclonal antibody 9E10 immunoprecipitation and Western blot analysis. We lysed Caco-2 cells cotransfected with FAK mutants and ERK expression constructs in immunoprecipitation buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 1 mM Na 3VO4, 1 mM NaF, 10 mM sodium pyrophosphate, 2 g/ml aprotinin, and 2 g/ml leupeptin] and measured protein by BCA assay (Pierce Chemical). We preblocked 20 l of protein G-Sepharose with 1% heatinactivated BSA in PBS for 1 h at room temperature for each immunoprecipitation reaction, rinsed twice with cold immunoprecipitation buffer, and incubated 3.0 g of Myc-tagged monoclonal 9E10 antibody on a rotator in each immunoprecipitation reaction for 2 h at 4°C. We then again rinsed the Myc-tagged antibody-bound protein G-Sepharose twice with immunoprecipitation buffer before adding the protein G-Sepharose-bound Myc antibody complex (50 l/reaction) to 400 g protein-matched samples diluted to equal volumes with immunoprecipitation buffer for each immunoprecipitation reaction. We incubated the resulting mixtures at 4°C overnight on a rotator, rinsed the resultant immunocomplexes four times with 0.5 ml immunoprecipitation buffer by centrifugation at 5,000 rpm for 2 min at 4°C, and resuspended the final pellet of immunocomplexes in 6ϫ sample loading buffer. The immunocomplex suspension was then boiled for 4 min, resolved by 10% SDS-PAGE, and transferred to nitrocellulose Hybond-ECL membranes (Amersham Biosciences). We probed these membranes with polyclonal anti-phospho ERK and Myc-tagged antibodies and detected signals by the ECL method as described in Western blot analysis.
HA tag monoclonal antibody 12C5 immunoprecipitation and Western blot analysis. We lysed Caco-2 cells transfected with wild-type FAK-HA tagged or mutant FAK Y397F-Y576F-Y577F-HA tagged expression constructs in immunoprecipitation buffer as for the Myc tag antibody. We rinsed preblocked protein G-Sepharose twice with 4°C immunoprecipitation buffer and rotated 3.0 g of anti-HA mouse monoclonal antibody clone 12CA5 in each immunoprecipitation reaction for 2 h at 4°C. We then rinsed the HA-tagged antibody-bound protein G-Sepharose twice with immunoprecipitation buffer and added 50 l/reaction of protein G-Sepharose-bound HA antibody complex to 500 g protein-matched samples diluted to equal volumes with immunoprecipitation buffer for each immunoprecipitation reaction. We rotated the resulting mixture at 4°C overnight, rinsed the resultant immunocomplexes with immunoprecipitation buffer, and resuspended the final pellet of immunocomplexes in 6ϫ sample loading buffer. We boiled the immunocomplexes for 4 min, resolved them by 10% SDS-PAGE, and transferred them to nitrocellulose Hybond-ECL membranes (Amersham Biosciences) before probing with polyclonal anti-phospho-FAK Tyr 925 and anti-HA. Statistical analysis. We performed all experiments independently at least three times unless otherwise indicated. We expressed all data as means Ϯ SE and analyzed our results using paired or unpaired t-tests using Bonferroni corrections as appropriate and seeking 95% confidence.
RESULTS

Mechanical strain stimulates tyrosine phosphorylation of FAK-Tyr 397 and FAK-Tyr
576
. To determine whether repetitive strain stimulates FAK phosphorylation in Caco-2 intestinal epithelial cells, we subjected confluent serum-deprived cells to repetitive strain for 0 -60 min and immunoblotted cell lysates for FAK-Tyr 397 and FAK-Tyr 576 . Repetitive deformation induced FAK phosphorylation at Tyr 397 and Tyr 576 ( Fig. 1 ). Phosphorylation at Tyr 397 and Tyr 576 moieties increased as rapidly as 5 min after the initiation of repetitive deformation [166 Ϯ 2%, n ϭ 6, P Ͻ 0.05 for Tyr 397 ( Fig. 1A ) and 157 Ϯ 18%, n ϭ 6, P Ͻ 0.05 for Tyr 576 (Fig. 1B) ]. Immunoblots with anti-FAK antibody confirmed equal protein loading.
FAK is essential for the stimulation of migration by cyclic strain. We next sought to determine whether FAK was required for the deformation to stimulate wound closure. We transfected Caco-2 cells with siRNA targeted to FAK or a control nontargeting siRNA sequence (NT1) for 48 h and then assessed migration with or without repetitive strain for 24 h after performing initial experiments to validate the potency of the siRNAs. siRNA targeted to FAK reduced FAK protein by 60 Ϯ 10% (n ϭ 3, P Ͻ 0.05; Fig. 1C ). Wounds in NT1-transfected Caco-2 monolayers closed more rapidly in response to deformation than NT1-transfected static controls (n ϭ 8, P Ͻ 0.05; Fig. 1D ). Reduction of FAK by siRNA blocked this motogenic effect (n ϭ 8, P Ͻ 0.05; Fig. 1D ). Thus, FAK seems necessary for the strain-induced motogenic response in Caco-2 intestinal epithelial cells.
Repetitive deformation stimulates Src phosphorylation. To elucidate the potential role of Src in the deformation-induced motogenic response, we analyzed the effect of repetitive deformation on Src activation, as assessed by the phosphorylation of c-Src at Tyr 418 of the activation loop, a critical step leading to full Src activation. Src-Tyr 418 phosphorylation increased within 5 min (141 Ϯ 11%, n ϭ 5, P Ͻ 0.05; Fig. 2A ) after the initiation of repetitive deformation. Phosphorylation was maximal at 30 min (148 Ϯ 13%, n ϭ 5, P Ͻ 0.05; Fig. 2A ) but remained statistically significantly greater than basal Src phosphorylation even at 60 min.
Src is required for deformation-induced migration. We next sought to determine whether Src was also required for the deformation to stimulate migration. Wounds in Caco-2 monolayers treated with a DMSO vehicle control [0.1% (vol/vol)] closed more rapidly in response to deformation than DMSOtreated static controls (n ϭ 8, P Ͻ 0.05; Fig. 2B ). Pretreatment with the Src family kinase inhibitor PP2 (10M) for 45 min before the initiation of repetitive deformation prevented the stimulation of motility by strain without affecting basal migration and indeed slightly but statistically significantly decreased wound closure during deformation compared with wound closure without deformation in PP2-treated cells (Fig. 2B) . In parallel experiments, siRNA targeted to Src reduced total Src by 50 Ϯ 4% (n ϭ 3, P Ͻ 0.05; Fig. 2C ). Deformation also stimulated migration in NT-1-transfected cells, but reducing Src by siRNA again blocked the stimulation of migration by strain without affecting basal migration and with a small but statistically significant decrease in wound closure in Src-reduced cells subjected to repetitive deformation compared with Src-reduced cells without deformation (n ϭ 12, P Ͻ 0.05; Fig. 2D) .
FAK is required for strain-induced ERK phosphorylation. Since FAK and Src were required for strain-stimulated migration, we sought to link them to the ERK activation previously demonstrated to be required for strain to stimulate motility. ERK phosphorylation increased in cells transfected with NT1 siRNA 15 min after the initiation of repetitive strain (n ϭ 5, P Ͻ 0.05; Fig. 3 ). In contrast, cells transfected with FAK siRNA displayed slightly increased basal ERK phosphorylation but did not further increase ERK phosphorylation in response to strain (Fig. 3) .These results suggested that FAK is required for ERK activation in response to mechanical strain in Caco-2 cells on tissue fibronectin. , the observation that FAK but not Src might be required for ERK activation by strain seemed puzzling. We therefore next evaluated whether Src was required for FAK activation by strain. Indeed, Src inhibition by PP2 pretreatment completely blocked the strain-induced FAKTyr 397 as well as FAK-Tyr 576 phosphorylation (Fig. 4, A and B) , although PP2 increased basal FAK-Tyr 397 phosphorylation slightly (Fig. 4A) without affecting basal FAK-Tyr 576 phosphorylation (Fig. 4B) . Reducing Src by siRNA similarly prevented strain-induced FAK-Tyr 397 and FAK-Tyr 576 phosphorylation (n ϭ 5, P Ͻ 0.05; Fig. 4, C and D intestinal epithelial cells subjected to repetitive deformation on collagen (24) . However, neither light-activated calphostin C alone nor the combination of calphostin C and PP2 blocked deformation-induced ERK phosphorylation (not shown phorylation events. Expression of FAK mutants at Y397F, Y576F-Y577F, or Y397F-Y576F-Y577F did not block straininduced ERK activation (not shown), although Myc-tagged ERK2 was activated by strain after cotransfection with empty vector alone. In parallel experiments, wild-type FAK cotransfection also did not prevent the activation of cotransfected ERK2 (not shown).
Src inhibition does not prevent deformation-induced ERK phosphorylation but blocks strain-induced FAK-
Strain phosphorylation was not increased 5 min after strain initiation, but it did increase over the next 15-60 min (n ϭ 5, P Ͻ 0.05; Fig. 5A ). Furthermore, although either PP2 (Fig. 5B) or Src reduction by siRNA (Fig. 5C) (13) in which the tyrosine phosphorylation site of FAK at Y925 is point mutated to phenylalanine to prevent this tyrosine phosphorylation. As expected, strain activated Myc-tagged ERK2 after cotransfection with empty vector alone (n ϭ 3, P Ͻ 0.05; Fig. 6 ). However, in contrast to our observations with FAK constructs unable to be phosphorylated at Y397 or Y576/577, the expression of the FAK Y925F mutant completely blocked strain-induced cotransfected ERK activation (Fig. 6) .
FAK Fig. 7 ). FAK triple mutant Y397F-Y576F-Y577F exhibited less basal FAK-Tyr 925 phosphorylation than its wild-type counterpart (n ϭ 6, P Ͻ 0.05; Fig. 7 ) but still responded to strain with increased FAK-Tyr 925 phosphorylation (n ϭ 6, P Ͻ 0.05; Fig. 7 ).
DISCUSSION
Mechanical forces generated under normal conditions of digestion by intestinal contraction, villous motility, shear stress, and wall stretch due to luminal contents may affect cell signaling, and changes in these rhythms may alter mucosal healing. Indeed, mucosal healing is delayed or abnormal in many disease states that are also characterized by abnormally decreased patterns of repetitive mucosal deformation. Sepsis, postsurgical ileus, and prolonged fasting may be associated with altered contractile rhythms, altered villous motility, and decreased mucosal deformation from interaction with luminal contents. Under these conditions, the mucosa atrophies (32), proliferation slows (10) , and mucosal barrier function is impaired, suggesting abnormalities in the mucosal response to injury (17) .Our previous work (4, 6, 24, 25, 40, 44, 56, 57) , consistent with studies of other organs and tissues (34, 37, 39) , suggests that physical forces affect intestinal epithelial cells by flexing the matrix, altering integrin binding, and initiating matrix-dependent signals that regulate enterocyte proliferation and function. Repetitive deformation stimulates tyrosine kinase signaling in the intact mucosa in anesthetized animals as well (4) . However, mucosal healing requires epithelial sheet migration as well as proliferation. We therefore sought to investigate the influence of repetitive deformation and extracellular matrix proteins on intestinal epithelial migration.
One concern that might be raised is whether our present observations of increased wound closure across fibronectin substrates in response to deformation might reflect a mitogenic effect of strain. However, in our initial description of the promigratory or motogenic effect of strain on intestinal epithelial cells cultured on fibronectin (58), we demonstrated that cyclic strain actually inhibits intestinal epithelial proliferation on fibronectin substrates. Thus, the more rapid wound closure that occurs in response to strain on fibronectin does not reflect increased proliferation. Indeed, in that same report, we also identified a motogenic effect as early as 6 h after wounding and repetitive deformation, before proliferation would be expected to occur, and demonstrated that the motogenic effect of strain occurs even when proliferation is ablated by mitomycin. The use of the Caco-2 cell model might also be criticized since Caco-2 cells were originally derived from a colonic adenocarcinoma. Any in vitro model has limitations. However, Caco-2 cells are a common model for the study of intestinal epithelial biology, including the regulation of intestinal epithelial migration (11, 28, 41) . Our experiments in this study involved Caco-2 cells in confluent monolayers, which resemble normal intestinal epithelial cells in many ways (26) , and, although the cells at the edge of a monolayer wound become phenotypically different as they migrate, the same is true for intestinal epithelial cells at the edge of a mucosal wound in vivo (9, 45) . Moreover, we have previously demonstrated that both nonmalignant rat IEC-6 cells (58) and low-passage primary human intestinal epithelial cells derived from surgical specimens (56) respond to repetitive deformation similarly to Caco-2 cells.
Although repetitive deformation stimulates intestinal epithelial wound closure across a fibronectin substrate by the activation of ERK (58), the mechanism for this ERK activation was not known. The present study delineates a considerably more complex pathway. A novel Src-independent FAK-Tyr 925 signal is required for repetitive deformation to stimulate ERK activation and consequent migration across fibronectin. However, Src itself is also activated by repetitive deformation and is also separately required for the stimulation of migration by cyclic strain, independently of ERK, whether by Src-dependent FAKTyr 397 and FAK-Tyr 576 phosphorylation or via some other downstream signal.
Src has been widely implicated in the regulation of intestinal epithelial migration on nondeforming substrates (12, 19) . This potent upstream kinase has numerous downstream effectors, including FAK, ERK, phosphatidylinositol 3-kinase, and small G proteins, which may contribute to its motogenic effect in various settings. Our present results do not allow us to distinguish whether Src promotes motility by phosphorylating FAK at Tyr 576 -577 or via a completely FAK-independent pathway that might involve other downstream mediators yet to be identified. However, these results do clearly demonstrate that Src is activated by cyclic strain in wounded intestinal epithelial monolayers on fibronectin and that such Src activation is indeed required for the motogenic effect of strain in this setting but in a manner independent of ERK. In contrast, intestinal epithelial cells respond to cyclic strain on collagen substrates via a Src-dependent ERK activation that is mitogenic rather than motogenic (13) . These matrix-dependent differences in the consequences of ERK activation may reflect the different subcellular locations of the activated ERK on each matrix (58) . The differences in the consequences of Src activation on each matrix may reflect differences in focal adhesion organization and integrin interaction on each substrate. Although adhesion generally results in integrin clustering and focal adhesion formation, cellular interactions with different matrixes by matrixspecific integrins are likely to yield differently organized and activated focal adhesion complexes with different consequences for downstream signaling (35, 53) .
The observation that FAK is motogenic in response to cyclic strain is also consistent with observations that FAK influences intestinal epithelial migration on nondeforming substrates (7, 30) . Repetitive deformation on collagen stimulates a FAKdependent ERK activation that ultimately stimulates cell proliferation (13, 40) . However, despite this superficial similarity, our present results delineate a novel FAK-dependent strain signaling pathway that contrasts sharply in its details with previous observations. On collagen, FAK-Tyr 397/576 phosphorylation is required for downstream ERK activation (13, 40 (18) . Focal adhesion assembly and disassembly are themselves required for cell motility (21) , while activated ERK colocalizes with the adaptor protein paxillin in well-defined adhesions (51) .
Although the magnitude of wound closure in this study may appear relatively small, the effect is highly statistically significant. We (24, 56) and others (3, 36, 59 ) have described changes in migration, proliferation, or cell signaling of similar magnitude due to other stimuli in intestinal epithelial cells. For instance, Buffin-Meyer and colleagues (11) studied a 15% stimulation of Caco-2 intestinal epithelial wound closure by the ␣ 2 -adrenoreceptor agonist 5-bromo-6-(2-imidazolin-2-ylamino) quinoxaline (UK-14304), and Itoh and colleagues (33) characterized effects of IL-8 on Caco-2 wound closure of similar magnitude. Here, wound closure increased an average 10 -18% on fibronectin compared with cells not subjected to mechanical strain. Such apparently modest alterations may well be biologically important in determining whether a mucosal wound heals or fails to heal in vivo.
These results substantially extend previous studies using this system. Although we previously traced a FAK-Tyr 397 -dependent Src-dependent ERK pathway activated by deformation on collagen that stimulates proliferation and slightly inhibits cell migration, we now trace a radically different pathway by which FAK phosphorylation at the Tyr 925 position independent of Src stimulates ERK-dependent migration on fibronectin. Indeed, the Src-independent phosphorylation of FAK-Tyr 925 in response to repetitive deformation of intestinal epithelial cells is itself unusual within the broad context of how FAK phosphorylation is usually understood. Thus, this signal pathway differs markedly from that which has previously been described.
Taken together, these results suggest that the same kinases can interact very differently in response to the same stimulus in different settings. Such variation may reflect fundamental differences in the organization of focal adhesion complexes associated with different integrins binding to different matrix substrates. In addition to providing a valuable contrasting model to dissect differences in focal adhesion function, these results delineate a novel pathway by which repetitive deformation stimulates intestinal epithelial migration across a fibronectin substrate. Moreover, although the previously described collagen-dependent strain signal pathway leads to increased proliferation and slightly inhibits motility, the fibronectin-dependent strain signal pathway promotes epithelial cell motility. This seems particularly important because fibronectin is deposited into inflamed, infected, or chronically injured tissues. Such fibronectin deposition may be a critical switch that shifts the effect of repetitive deformation on the gut mucosa. There are clearly substantial differences between cultured epithelial cells in vitro and an intact intestine in vivo. Nevertheless, these data suggest that on a healthy basement membrane, repetitive deformation may be a mitogenic and differentiating stimulus that teleologically may serve to maintain normal gut homeostasis and absorptive function. However, in the setting of chronic inflammatory mucosal injury, fibronectin deposition may switch the intestinal epithelial response to strain to a migratory effect adapted to seal mucosal wounds and maintain the mucosal barrier critically important to prevent bacterial translocation and allow the organism to survive without sepsis. This pathway may be an important target for interventions designed to promote mucosal healing, particularly in settings in which inflammation or infection increases tissue fibronectin levels or in which patterns of repetitive intestinal epithelial deformation are altered.
